The quantitative correlation of the catalytic activity with microscopic structure of heterogeneous catalysts is a major challenge for the field of catalysis science. It requests synergistic capabilities to tailor the structure with atomic scale precision and to control the catalytic reaction to proceed through well-defined pathways. Here we leverage on the controlled growth of MoS 2 atomically thin films to demonstrate that the catalytic activity of MoS 2 for the hydrogen evolution reaction decreases by a factor of ~4.47 for the addition of every one more layer. Similar layer dependence is also found in edge-riched MoS 2 pyramid platelets. This layer-dependent electrocatalysis can be correlated to the hopping of electrons in the vertical direction of MoS 2 layers over an interlayer potential barrier, which is found to be 0.119V and consistent with theoretical calculations. Our results point out that increasing the hopping efficiency of electrons in the vertical direction is a key for the development of high-efficiency two-dimensional material catalysts.
Seeking high-efficiency, cost-effective catalysts for mass production of hydrogen gas is critical for the utilization of hydrogen energy. The existing catalysts of Pt-group metals for the hydrogen evolution reaction (HER), which are highly efficient, are too expensive and rare to be useful for the mass production. Molybdenum disulfide (MoS 2 ) promises an earth-abundant, low-cost alternative to the precious metals 1 . Considerable efforts have been dedicated to investigating and optimizing the catalytic activities of various MoS 2 materials, including nanoparticles [2] [3] [4] , nanopores 5 , nanowires 6 , amorphous and doped MoS 2 [7] [8] [9] , thin films 10 , MoS 2 /graphene heterostructures 11 , and chemically exfoliated MoS 2 layers [12] [13] [14] [15] . It was suggested that the edge site and metallic 1T polymorph of MoS 2 materials are catalytically active 2, [14] [15] [16] [17] . However, despite the remarkable progress, the rational design of MoS 2 structures with optimal catalytic activities has remained elusive due to limited quantitative understanding on the correlation between the catalytic activity and microscopic structure of MoS 2 materials.
To quantitatively correlate the catalytic activity with microscopic structure requests capabilities to tailor the structure with atomic scale precision and to control the catalytic reaction to proceed in well-defined pathways. Most of the MoS 2 materials studied to date involve a wide dispersion in size, morphology, surface, and crystalline structure. This makes it difficult to assess the role of structural parameters in the catalytic performance. Here we demonstrate a layer-dependent electrocatalysis of MoS 2 for the HER by leveraging on a unique synthetic capability that can grow large-area, uniform, and high quality MoS 2 atomically thin films with precisely controlled layer numbers. The well-defined physical feature make the film an ideal platform for studies of the structure-catalysis correlation. We find that the catalytic activity, indicated by exchange current density, of the MoS 2 film decreases by a factor of about 4.47 for the addition of every one more layer. Similar layer dependence is also found in the electrocatalysis of edge-riched MoS 2 pyramid platelets. This layer-dependent electrocatalysis can be correlated to the hopping of electrons in the vertical direction of MoS 2 layers over an interlayer potential barrier, which is found to be 0.119V and consistent with theortical calculations.
We grew MoS 2 thin films on glassy carbon substrates following a chemical vapor deposition (CVD) process that we previously developed 18 . The layer number was controlled by control of the amount of precursors (MoCl 5 ) 18 . The composition of the film was confirmed as MoS 2 by xray photoelectron spectroscopy (XPS) characterizations (Fig. S1 ). The synthesized films are continuous, uniform, and of high crystalline quality, similar to the films we previously grew on sapphire substrates 18 . It can be seen uniformly covering the entire substrate under optical microscopes ( Fig. 1a and Fig. S2 ). Atomic force microscope (AFM) characterizations identify the synthesized monolayer, bilayer, and trilayer MoS 2 films in thickness of 0.90 nm, 1.70 nm and 2.15 nm, respectively (Fig. 1b and Fig. S3 ). These measured results are slightly larger than those of the MoS 2 films grown on sapphire 18 , which may be related with the relatively larger surface roughness of the glassy carbon substrate (~ 1 nm) than that of sapphire. Raman measurements can further confirm the layer number. The frequency differences (Δk) of the two characteristic Raman modes (A 1g and E 1 2g modes), which is widely used to identify the layer number 19 , of the synthesized monolayer, bilayer, and trilayer MoS 2 films are 20.5, 22.4, and 23 cm -1 (Fig. 1c) , respectively, consistent with previous results 18, 19 . The AFM and Raman characterizations also confirm the large-area continuity and uniformity of the synthesized films. No substantial voids, steps, and edges were found in the films through numerous AFM measurements. And the frequency difference Δk remains reasonably constant during extensive Raman characterizations across th reasonab is known with the quality b Fig.1 The electrocatalysis of the MoS 2 film strongly depends on the layer number. Fig. 2a-b shows the polarization curves and corresponding Tafel plots of the synthesized monolayer, bilayer, and trilayer films. The polarization curve of bare glassy carbon electrodes is also given in Fig. 2a , whose trivial current indicates that the glassy carbon is catalytically inactive for the HER. From these results we can find that the cathodic current of the film monotonically decreases with the layer number increasing.
The observed layer dependence can be linked to exchange current densities. By fitting the Tafel plots to the equation of η = ρlogj +logj 0 (overpotential η, current density j, and exchange current density j 0 ), we can find that all the films have a similar slope ρ in the range of 140 -145 mV/decade, while the exchange current density j 0 substantially decreases with the layer number increasing. We repeated the electrocatalytic characterization with numerous MoS 2 films (>15 films in total). The results reproducibly show a constant ρ in the range of 140-145 mV/decade and a layer-dependent j 0 (Fig. 2c) . Interestingly, j 0 decreases by a factor of ~ 4.47 for the addition of every one more layer. Note that the observed Tafel slope is larger than typical results on MoS 2 materials. This may be related with the high temperature (850°C) used in the synthetic process. Other groups reported a slope of ~ 120mV/decade in the MoS 2 materials processed at a temperature of ~500 °C 10, 14, 15 , and it has been well known that a processing of MoS 2 materials at a higher temperature can result in a higher Tafel slope 10, [14] [15] [16] 21 . As will be shown later (Fig.  4) , similar Tafel slopes ( ~140 mV/decade) can be found in the other MoS 2 structures (i.e. edgeriched pyramid platelets) synthesized at the same temperature (850°C). This indicates that the Tafel slope is not related with the structure of the film that is of our major interest in this work. ) in er the found . S7). easier round atural tmost film urrent r than pretty much constant through the process, the exchange current density substantially increases from 1.6×10 -7 to 5×10 -7 A/cm 2 after the stripping (Fig. 3b) . Capacitance and Raman measurements both confirm that the bilayer film indeed becomes a monolayer after the stripping, the capacitance changing from 5.08 to 11.1 μF/cm 2 ( Fig. 3b inset) and the frequency Δk from 22.4 cm -1 (curve 1 in Fig. 3c ) to 20.5 cm -1 (curve 3 in Fig. 3c ). It is worthwhile to note no obvious change in the Raman spectrum collected right after the CV processing (curve 2 in Fig. 3c ). This confirms that the electrochemical process does not cause substantial changes in the structure and composition of the film. Similar increase in the catalytic activity after the stripping process can also be found in trilayer MoS 2 films, but understandably not in monolayer MoS 2 films (Fig. S6) .
It is important to understand the mechanism underlying the observed layer-dependent exchange current density. We can reasonably exclude differences in the composition (i.e. stoichiometry) and crystalline quality (i.e. defects) of the MoS 2 films, which might cause difference in the electrocatalysis, because all of them were grown under highly comparable conditions. Additionally, previous studies show that the exchange current density of MoS 2 materials linearly depends on the number of edge sites 16 . However, we can exclude the difference in the number of edge sites as the cause for the layer-dependent exchange current densities. The synthesized MoS 2 films are continuous, uniform, and show reasonably high crystalline quality (Fig.1) . It is safe to conclude that there is no substantial amount of edge sites in the synthesized films and the observed layer dependence is related with the MoS 2 atoms in the basal plane.
To further support that the number of edge sites is not the cause, we grew MoS 2 pyramid platelets on glassy carbon substrates using temperatures similar to what were used for the synthesis of the film and tested the electrocatalytic performance of the platelets. The synthesized platelets show a monodisperse distribution in size (Fig. 4a lower inset) . Different from the film, in which no obvious edges can be found, the pyramid platelet consists of a large number of gradually-shrinking monolayers stacking in the vertical direction with a rich amount of edge sites exposed (Fig. 4a-b) . We can find that the pyramid platelets show a very poor electrocatalytic performance (Fig. 4c) . The Tafel slope, ~ 140 mV/decade, is similar to what was observed in the film. As discussed in the preceding text, this is related with the synthetic temperature and is not our interest here. The exchange current density, 0.6×10 -7 A/cm 2 , is barely comparable to those of trilayer thin films. The poor performance of the edge-riched platelets indicates that the number of edge sites is not the cause for the observed layer dependence. Otherwise, we would expect a high exchange current density in the platelets.
Our experimental results also suggest a layer dependence in the electrocatalysis of the edgeriched platelets. We observed the catalytic performance of the pyramid platelets increasing with the size decreasing (Fig. S9) . The ratio between the size and height of the pyramid platelet always remains to be constant around 60 (Fig. S9) . This constant size/height ratio can enable comparable number of edge sites in unit area among the platelets in different sizes. Therefore, the observed sized-dependent electrocatalysis of the platelet can be ascribed to a dependence on the layer number (height), instead of the density of edge sites. The layer dependence can account for the poorer performance observed in the platelets with a larger height (Fig. 4c) . Only the part closed to the substrate electrode can effectively participate the catalytic reaction. We find electrons indicate t have to t (Fig. 4) ) working electrode. Nitrogen gas was bubbled into the electrolyte throughout the experiment. While all the electrochemical characterization studies were performed using a saturated calomel reference electrode (SCE), the potential values mentioned in the electrochemical study are referred to a reversible hydrogen electrode (RHE). Calibration of the reference electrode for the reversible hydrogen potential was performed using a platinum (Pt) disk as working electrode and a Pt wire as counter electrode in 0.5 M H 2 SO 4 . The electrolyte was purged with ultrahigh purity hydrogen (Airgas) during the measurement. The potential shift of the SCE is -0.262 V vs. RHE. The electrocatalysis was measured using linear sweeping from +0.2 V to -0.6V (vs. RHE) with a scan rate of 5 mV/S. The cycling voltamettry was performed in a range of +0.2 to -0.3 V (vs. RHE) at a scan rate of 50 mV/s.
The capacitance of the film was characterized using electrochemical impedance spectroscopy (EIS). The AC impedance is measured within the frequency range of 10 5 to 1 Hz with perturbation voltage amplitude of 5 mV. An equivalent Randles circuit model was fit to the data with ZSimpWin software to determine the system resistance and the capacitance. 
